Abstract The "Air Pollution and Health: A Combined European and North American Approach" (APHENA) project is a collaborative analysis of multi-city time-series data on the association between air pollution and adverse health outcomes. The main objective of APHENA was to examine the coherence of findings of time-series studies relating short-term fluctuations in air pollution levels to mortality and morbidity in 125 cities in Europe, the US, and Canada. Multi-city time-series analysis was conducted using a twostage approach. We used Poisson regression models controlling for overdispersion with either penalized or natural splines to adjust for seasonality. Hierarchical models were used to obtain an overall estimate of excess mortality associated with ozone and to assess potential effect modification. Potential effect modifiers were city-level characteristics related to exposure to other ambient air pollutants, weather, socioeconomic status, and the vulnerability of the population. Regionally pooled risk estimates from Europe and the US were similar; those from Canada were substantially higher. The pooled estimated excess relative risk associated with a 10 μg/m 3 increase in 1 h daily maximum O 3 was 0.26 % (95 % CI, 0.15 %, 0.37 %). Across regions, there was little consistent indication of effect modification by age or other effect modifiers considered in the analysis. The findings from APHENA on the effects of O 3 on mortality in the general population were comparable with Health (2013) 6:445-453 DOI 10.1007 previously reported results and relatively robust to the method of data analysis. Overall, there was no indication of strong effect modification by age or ecologic variables considered in the analysis.
Introduction
The "Air Pollution and Health: A Combined European and North American Approach" (APHENA) project is a collaboration among the investigators carrying out the multi-city European APHEA (Air Pollution and Health: A European Approach) project, the US NMMAPS (National Morbidity, Mortality and Air Pollution Study), as well as multi-city Canadian studies (Katsouyanni et al. 2009 ). The APHENA project focuses on the short-term health effects of particulate matter less than 10 μg in aerodynamic diameter (PM 10 ) and ozone (O 3 ) on daily mortality and hospital admissions. The project originated at a time when the results of the multi-city analyses, including those of APHEA and NMMAPS, were being reported and their findings used in the establishment of ambient air quality standards for particulate matter. Subsequently, the results of these multi-city studies have been cited in the development of air quality standards and guidelines for O 3 (US Environmental Protection Agency 2006; World Health Organization 2006). The primary objective of the project was to develop a standardized methodology to assess the sensitivity of findings to analytical methods and to examine the coherence of findings on the short-term effects of air pollution on health in multicity studies carried out in Europe and North America. Further details of the APHENA project are described in a technical report available from the Health Effects Institute (Katsouyanni et al. 2009 ).
This paper provides the APHENA findings with regard to the association between daily concentrations of O 3 and allcause, cardiovascular, and respiratory mortality. A prior report provides the findings on PM 10 (Samoli et al. 2008) . Using the APHENA data, we were able to explore heterogeneity in the effect of O 3 on mortality across the broad range of atmospheres included in the APHENA cities. Any consideration of heterogeneity needs to address the extent to which apparent heterogeneity across cities reflects the consequences of differing data collection and analytic methodologies. Based on past work by the APHENA investigators and on extensive sensitivity analysis, we developed uniform approaches for the first-stage (within-city) analyses of the time-series data used in earlier reports Touloumi et al. 2006 ). The first-stage regression coefficients were then used in second-stage analyses aimed at obtaining pooled estimates and characterizing heterogeneity of the effect of O 3 across the APHENA cities.
Materials and methods

Data
The APHENA project used already assembled databases for the first-stage analyses. For the O 3 analysis, we used the daily 1 h maximum O 3 concentration. The combined data included 86 US cities in NMMAPS (of which 50 provided year-round full time-series data and 36 provided summeronly data); 23 European cities in the APHEA project (that provided full time-series data); and 12 Canadian cities (that provided full time-series data) used in previous multi-city projects and selected on availability of air pollution monitoring data. The databases included daily counts of all-cause mortality (excluding deaths from external causes, International Classification of Disease, ninth revision (ICD-9)>800) for all ages and stratified by those above and under 75 years of age. Daily air pollution measurements were obtained from monitoring networks established in each city. City-specific time-series data on daily temperature (°C, daily mean) were used to control for the potential confounding effects of weather.
Methods
The APHENA investigators implemented a new protocol for re-analysis of the daily air pollution data from the European and North American cities, using a hierarchical modeling approach. This protocol differed from the protocols originally used to analyze the US, European, and Canadian databases. First, regression models were fit in each city separately to control for seasonal effects, weather, and other potential confounders. Based on extensive simulation results, two methods were considered for smoothing: the natural spline (NS) approach for parametrically modelling flexible families of curves and the penalized regression spline (PS) approach, as implemented in the mgcv R package (Wood 2004) .
In the initial methodological exploration, the number of degrees of freedom (df) for seasonality control was found to be the most important parameter in model specification with respect to the size of the effect estimate (Katsouyanni et al. 2009 ). Sensitivity analyses were carried out by varying the dfs used to control for seasonality Touloumi et al. 2006 ). We used the estimated effect parameters from the individual city analysis in second-stage models to provide center-specific (Canada, Europe, and the US) and overall estimates and to investigate potential effect modifiers.
The year-round O 3 -mortality associations for each city were described using log-linear Poisson regression models allowing for overdispersion. The city-specific Poisson regression model is of the form: The smooth function of time serves as a proxy for any time-dependent outcome predictors or confounders with long-term trends and seasonal patterns not explicitly included in the model. These functions remove long-term trends and seasonal patterns from the data to guard against confounding by smoothly varying unmeasured temporal confounders. We fit separate models with 3, 8, and 12 dfs per calendar year of data in the smooth function of time. Minimization of the sum of the absolute values of the partial autocorrelation function (PACF) of the model's residuals was also used as another criterion to select the optimal number of dfs, when the PS method was applied. The minimum number of dfs, allowed under PACF, was 3 dfs per year. The dfs chosen by the PACF were then used to fit a NS model. Hence, with the minimum PACF procedure, the model for each city uses a different df depending on the data for that city. To control for weather, we included smooth terms of temperature on the day of death and the day before death in the models. The dfs for both temperature terms were set to 3. For models based on minimization of PACF criterion, autoregressive terms were introduced if significant autocorrelation remained in the residuals for the final model. We did not control for influenza epidemics because these data were not generally available for all locations and since previous results have shown that these do not bias the association between air pollution and mortality (Braga et al. 2000; Touloumi et al. 2005) .
We included O 3 in the models under different lag structures. In particular, we used the average of the same and previous day's air pollution as a predictor of increased mortality and also assessed the effect of the previous day's air pollution (lag 1). We also applied unconstrained distributed lag models spanning lags 0, 1, and 2. When fitting distributed lag models, we used the same distributed lag terms for temperature as for O 3 . To investigate potential confounding effects by PM 10 , we applied two-pollutant models that controlled for the effects of concomitant exposure to particulate air pollution.
We also carried out center-specific threshold analyses to investigate the exposure-response relationship between O 3 and all-cause mortality separately in Europe, the US, and Canada. For computational expediency, we used models with NS and 8 df per year for control of seasonal confounding. We selected a grid of threshold values, ranging from 0 to 75 μg/m 3 in increments of 5 μg/m 3 (i.e., 0, 5, 10, up to 75 μg/m 3 ). For each threshold value h, we fit a threshold model to the data for the available cities. In the threshold model, we included a pollutant term (x+) in the model of the form (pollutant-h)+, where x+0x if x≥0 and x+00 if x<0, where h is the threshold value. We then computed the Akaike information criterion (AIC) value of the fitted model for all cities within each center for a given threshold value and then the average AIC for that threshold over all cities in the center. We repeated the analysis for all threshold values and set a possible threshold at the value that minimized the mean AIC.
For the second stage of the analysis, we assumed the cityspecific effects β c to be normally distributed around an overall effect. To test whether variability in the effects β c was explained by city-specific characteristics, we estimated pooled regression coefficients using a Bayesian hierarchical model of the city-specific effects β c on potential city-level effect modifiers, with weights inversely proportional to the variances of the estimates β c . For this analysis, the coefficients β c were taken from the models using PS and 8 df per year in the smooth function of time. These models assumed that city-specific effects β c were a sample of independent observations from a normal distribution with the same mean and with variances equal to the between-cities variance and the squared standard error of β c . As a special case, we pooled the city-specific risk estimates with an intercept only to obtain region-specific average risk estimates. A set of potential effect modifiers was collected to describe variation in the ozone effects across locations. Because of the substantial challenges in identifying measures with sufficient commonality across all three regions, the list of potential variables was necessarily limited. Effect modifiers used in the analysis included variables describing the average air pollution level and mix in each city (NO 2 coefficient of variation, mean SO 2 , O 3 coefficient of variation, and the ratio of NO 2 to PM 10 ), the health status of the population, the geographical area, and the climatic conditions (Katsouyanni et al. 2009 ). The only indicator of socioeconomic status that was available and comparable between cities was the percent unemployment rate. Based on exploratory analysis, we examined potential effect modification patterns only for cities with complete time-series data and for the effects of the average of 2 days air pollution (lags 0 and 1). Since there were differences in the distribution of the effect modifiers between Europe and US, the analyses were location-specific.
Warm season models
In addition to evaluating the annual time-series data, the effects of O 3 were also analyzed using the warm season (April-September) data only. In the models with only halfyear data, dummy variables for the months (by year) instead of splines were used to control for temporal trends. Following extensive sensitivity analysis on the effect of temperature on summer O 3 estimates, we decided to apply different degrees of smoothing for temperature depending on the smooth function included in the model. Hence, when we used NS as smoothing function, we allowed for 2 dfs for same-day temperature and a linear term for previous-day temperature. When we used PS as the smoother, we used 3 dfs for same-day temperature and a linear term for lag 1 temperature.
Results
Overall, the main year-round analysis included 23 cities from Europe, 50 cities from the US, and 12 cities from Canada. For Canada, the cities ranged in population from 100,000 to over 2 million, with data from 1987 to 1996. The daily total number of deaths from all causes (excluding accidents) ranged from 3 to 49 per day. The European cities contributed data for periods of 3 to 7 years between 1990 and 1997. Their populations ranged from slightly above 200,000 to about 7 million (The Netherlands was considered as one urban area because of its high density and urban character). The daily numbers of deaths from all causes ranged from 6 to 347. The complete US database included 86 cities with the largest populations in the US, spanning the period 1987 through 1996. There was substantial variation in population sizes (from about 250,000 to above 9 million) and related variation in the daily numbers of deaths, with means ranging from 5 to 198. In the complete database, 50 cities had year-round monitoring of O 3 and were used for the main analysis. For the analysis of data in the warm season only, all 86 cities were used. There was a wide variability in the median O 3 levels in the European cities (ranging from 28.0 to 82.0 μg/m 3 ) but less in the US (13.0 to 38.0 μg/m 3 ) and Canadian cities (6.6 to 9.8 μg/m 3 ). The estimated effect of a 10 μg/m 3 increase in the average of lags 0-1 O 3 on the total number of deaths for all ages is shown in Fig. 1 for a range of degrees of freedom for the smooth function of time. Across all three regions, the pooled estimated excess relative risk associated with a 10 μg/m 3 increase in 1 h daily maximum O 3 was 0.26 % (95 % CI, 0.15 %, 0.37 %) for the model using natural splines and 8 df per year. The effects for Canada are generally larger but with wider confidence intervals due to the smaller sizes of the Canadian cities. With the exception of estimates based on 3 df per year, the estimates for Europe and the US are comparable. With natural splines with 8 df per year, the estimates for Europe and the US show an increase of approximately 0.25 % in mortality for a 10 μg/m 3 increase in O 3 . The overall estimate combines each of the effects across the three centers. Because of the much higher uncertainty exhibited in the Canadian estimates, the overall effects largely reflect the contributions of the European and US estimates. Table 1 presents the results of the year-round effect of O 3 on total mortality all ages and by age group under the different lag structures examined. We present the results from models using 8 df per year for seasonality control and PS, since we consider these to be relatively conservative estimates representing a reasonably justifiable control for unmeasured confounding. There was a statistically significant effect of O 3 on total mortality for all ages in all three centers. In Europe and the US, the largest effects were observed when we took into account the exposure over 3 days for all the health outcomes analyzed, whereas the highest effects in Canada were observed when we took into account the average of lags 0-1. In Canada and the US, the largest effect of annual O 3 was observed in the older age group; in Europe, the largest effect was seen among those <75 years of age. There was some indication of confounding by PM 10 in the Canadian results, but the estimates with and without PM 10 in the models are not directly comparable for Canada, since PM 10 measurements were only measured every sixth day. Correlations between PM 10 and O 3 were generally modest ranging from −0.40 to 0.55 across all three regions. Table 2 presents the results from the analysis of the O 3 and mortality data using only the warm period starting in April and going through September. Using these warm months only, the percent increase in all-cause nonaccidental mortality for all ages associated with at 10 μg/ m 3 increase in the average of lags 0-1 O 3 was 0.25 % (95 % CI, 0.10 %, 0.40 %) for Europe, 0.95 % (95 % CI, 0.65 %, 1.2 %) for Canada, and 0.57 % (95 % CI, 0.35 %, 0.79 %) for the US. All O 3 effects were statistically significant during the warm period and higher than the annual effects. The same lag structure observed for the annual analysis is also present in the summer-only results.
The annual estimated effects of O 3 on cardiovascular mortality for those above or below 75 years of age (data not shown) were generally slightly higher than those for total mortality. The US effect estimates were not statistically significant. The highest effect of O 3 in Europe was observed on cardiovascular mortality among those <75 years using the average of 2 days exposure (0.35 %, 95 % CI, 0.12 %, 0.58 %). The highest effects on cardiovascular mortality in Canada were seen among the elderly using DL models (1.20 %, 95 % CI, 0.18 %, 2.30 %). The results for respiratory mortality were less consistent and not statistically significant in any case.
The summer-only O 3 effect estimates for cause-specific mortality were positive (except for cardiovascular mortality among those <75 years of age in Canada) and in most cases statistically significant. In Canada, the highest effects of summertime O 3 were observed for respiratory mortality for all ages under all lag structures considered while, in Europe and the US, the same was true only using lag 1 O 3 exposure.
Effect modification of the log-relative risks of O 3 was assessed with respect to city-specific characteristics that had a uniform meaning across locations (Table 3 ). In general, there were no strong patterns of effect modification by these characteristics either within or across regions. In the US, temperature had a strong negative modifying effect, with the percent increase in mortality for a 10 μg/m 3 increase in O 3 estimated to range from 0.27 % to 0.00 % between the 25th O 3 ozone, PM 10 particulate matter <10 μm aerodynamic diameter, PS penalized splines and 75th percentiles of temperature. However, temperature did not modify the effect of O 3 on mortality in either Europe or Canada. The coefficient of variation for O 3 was associated with mortality in both the US and Europe, but not in Canada. Although there was some evidence that the mean SO 2 level and the percent of the population over age 75 years modified the O 3 effect, the evidence was not consistent across the US, Canada, and Europe. Investigation of the exposure-response relationship between O 3 and total mortality across all ages in APHENAdid not support the presence of a threshold in any of the three centers. If a threshold was present, we would expect to see a U-shaped curve when we plot the AIC values for the various threshold models against the thresholds used, with the minimum AIC value corresponding to the threshold. In fact, within each center, the city-specific AIC plots were quite flat for most cities (data not shown).
Discussion
The APHENA project was motivated by the need for comparison of findings among three major time-series studies of air pollution and mortality and morbidity (APHEA, NMMAPS, and the Canadian multi-city project) and the possibility of exploring the basis for any heterogeneity among the risk estimates in these data sets. Its conduct required initial methodological work to establish a common analytic protocol for both first-stage and second-stage analyses that would replace the differing approaches of the original analyses (Katsouyanni et al. 2009 ). Additionally, a set of variables was developed across the three databases for consideration as potential effect modifiers in a second-stage analysis intended to explore determinants of heterogeneity. In APHENA, the first-stage results generally replicated the previous independent analyses by the three groups of The variables shown displayed significant effect modification in at least four out of eight models applied in at least one center (i.e., Canada, Europe, the US) O 3 ozone, NO 2 nitrogen dioxide, SO 2 sulfur dioxide, PM 10 particulate matter <10 μm aerodynamic diameter investigators (Bell et al. 2004; Burnett et al. 1998 Burnett et al. , 2004 Gryparis et al. 2004 ). For O 3 and mortality, there was some variation in findings by whether results were considered for the full year or only for the summer months, pointing to higher effects when only the warm period was considered. Mortality risk estimates for O 3 tended to decrease with increasing df in the smooth function of time and were generally higher for the average of lags 0 and 1 compared with lag 1 O 3 concentration alone. The Canadian, APHEA, and NMMAPS data sets have now been extensively analyzed, and, while the quantitative risk estimates have varied across the three data sets, these data sets consistently demonstrate an acute effect of O 3 on mortality.
In previously reported analyses, the European and North American risk estimates were quite similar, whereas the estimates based on the Canadian data were somewhat higher (Health Effects Institute 2003) . Because of the common data analytic approach used in APHENA in all centers and cities, the higher values observed in Canada cannot be attributed to different analytic approaches. We note that O 3 concentrations were lowest in the Canadian data and also covered the narrowest range. Consideration needs to be given to the possibility that the pollution mixture for which O 3 is the indicator differs for Canada versus the United States and Europe. In particular, other co-varying pollutants that were not extensively examined here may explain some of the increased effect in Canada in a manner that is not demonstrated in the United States and Europe. There might also be greater residual confounding in the Canadian data from unmeasured seasonal or meteorological factors that were not adequately controlled for in the modeling. However, given the extensive work done and the specific focus of the APHENA group on developing models to adjust for potential confounding, this explanation carries less weight. Higher risk estimates could also come from having more accurate exposure and outcome data in Canada, as compared with the European countries and the US, but this possibility also seems unlikely, and we have no validation data available to pursue this conjecture.
For the pooled estimates of O 3 risk in Europe and the US, there appeared to be some sensitivity to the amount of smoothing used in the smooth function of time, particularly when a small number of df was used. This sensitivity was most pronounced in US results, when penalized splines (PS) rather than natural splines (NS) were used. It should be noted that, even with the same number of degrees of freedom, the PS and NS methods are not identical because the PS method is nonparametric and the NS method is parametric. The discrepancy in the results for 3 df/year between the NS and PS approaches has a theoretical basis related to the tradeoff between the parametric and nonparametric components of the PS models in explaining variation in the outcome variable Speckman 1988) . For the PS models with a small number of degrees of freedom, it is likely that there is insufficient adjustment for potential seasonal confounding in the relationship between ozone and mortality.
The APHENA findings confirm that O 3 is associated with increased mortality in North America and Europe. The higher risks observed during the summer have been noted previously (Gryparis et al. 2004 ) and may reflect the higher concentrations during that season, greater personal exposure during the summer, and differing characteristics of the air pollution mixture by season. There was no consistent pattern of effect modification for the association between O 3 and mortality. Nevertheless, we were able to identify stronger effect modification patterns in the US and some less pronounced patterns in the other two regions. The strong modifying effect of temperature on O 3 effects in the US may reflect the extensive air conditioning use during warm periods that would result in less exposure to outdoor ozone. A similar pattern has been observed with PM (Bell et al. 2009 ). The modification by age, with people ≥75 years of age demonstrating higher risks than the general population in US and Canada, suggests that elderly people may be more susceptible to the effects of O 3 . The higher effects of O 3 in cities with higher levels of SO 2 in these regions may reflect the synergistic effects of the air pollution mixture. The modifying effect of O 3 variation, where cities with larger variation present smaller effects in Europe and US, may reflect adaptation of the population to current O 3 levels. The lack of evidence of any threshold in risk between O 3 and mortality is of interest here given the quantity of data combined across the three APHENA centers to conduct this analysis. However, identifying a threshold in time-series models is exceedingly difficult, and numerous simulation studies bear this out (Katsouyanni et al. 2009 ). The key limitation here is not the small sample size, but rather the inherently small association between O 3 and mortality that is being estimated. If a threshold were to exist, it would likely require far more data than even the APHENA group could assemble. The results presented here are consistent with previous findings in the US (Bell et al. 2006) .
The principal limitations in interpreting the APHENA findings lie with the data available to the investigators. The data came from multiple countries and had not been collected according to a uniform protocol across Europe and North America; however, all data had been edited and had undergone a quality assessment audit as part of the APHENA project. In the United States and Canada, nationwide reference methods for air pollution data collection are in place, and deaths are captured and coded uniformly. The European data came from 24 countries and methods for their collection varied among the countries, although they were assembled and edited with a common protocol. Welldocumented approaches were used to develop air pollution concentration values that would be as complete and uniform as possible. Because of the nature of the APHENA project, it was not possible to assemble a fully harmonized database for the first-stage analysis, given the decision to begin with the existing databases and the potential magnitude of the task in reconstructing all of the time-series, particularly those for the European cities. Consequently, differences in the time-series data, as well as the possibility of differing measurement error structures across the three sets of data, remain as potential contributors to heterogeneity.
Exploration of determinants of variation in the effect of air pollution across the APHENA cities was a main objective of the study. While a number of potential effect modifiers have been identified, the APHENA analyses were limited in exploring effect modification by the restricted number of variables that were measured with sufficient commonality across the full data set. Basic demographic data were available, but the only socioeconomic indicator that extended across the full data set was the unemployment rate. Information was not available on the health status of the populations, or on the frequency of specific diseases that have been postulated as effect modifiers, such as diabetes. Similarly, data were not available on housing characteristics or the mix of air pollution sources across the APHENA cities.
APHENA is the largest multi-city study time-series study published to-date, but other multi-city studies have recently estimated the association of short-term exposure to ozone and daily mortality and report results that are consistent with APHENA. Coordinated multi-city studies in four major Asian cities and 14 UK conurbations reported 0.38 % and 0.30 % increases in all-natural cause mortality, respectively, associated with a 10 μg/m 3 increase in an 8-h average ozone (Health Effects Institute 2010; Pattenden et al. 2010) .
Unlike meta-analysis, which combines summary measures of the risk associated with exposure to O 3 in different cities from published studies, the APHENA approach makes use of the primary raw data to combine information across cities and centers using a harmonized protocol. The data can be analyzed with multiple models, so as to assess sensitivity of findings to model specification, and effect modification can be assessed using risk estimates coming from a common analytic approach. This approach removes potential heterogeneity due to differences in analytic methodology. Given these strengths of the approach, we would suggest that the periodic conduct of pooling exercises like APHENA is highly desirable. The ongoing assembly of standardized time-series data sets and data on potential effect modifiers into a single database so that analyses could be carried out periodically would also be beneficial. Such analysis can lead to more robust estimates of the population health risks of ambient air pollution that can be used to support risk management decisions in the area of air quality management (Craig et al. 2008 
